Streptozotocin (STZ) selectively destroys insulin-producing beta islet cells of the pancreas providing a model of type I diabetes. Poly(ADP-ribose) polymerase (PARP) is a nuclear enzyme whose overactivation by DNA strand breaks depletes its substrate NAD ؉ and then ATP, leading to cellular death from energy depletion. We demonstrate DNA damage and a major activation of PARP in pancreatic islets of STZ-treated mice. These mice display a 500% increase in blood glucose and major pancreatic islet damage. In mice with homozygous targeted deletion of PARP (PARP ؊͞؊), blood glucose and pancreatic islet structure are normal, indicating virtually total protection from STZ diabetes. Partial protection occurs in PARP ؉͞؊ animals. Thus, PARP activation may participate in the pathophysiology of type I diabetes, for which PARP inhibitors might afford therapeutic benefit.
Type I diabetes (insulin-dependent diabetes mellitus) is a chronic metabolic disorder characterized by a loss of pancreatic islet B cell mass, decreased serum insulin, and hyperglycemia. Although the pathogenic mechanisms of this disease have not been fully characterized, genetic, environmental, and autoimmune factors have been postulated. In particular, development of this disorder is postulated to proceed through generation of oxygen radicals during prediabetic pancreatic islet inflammation (1, 2) . One possible mechanism is that autoimmune activation of macrophages damages B cells through release of massive amounts of NO after inducible NO synthase activation, as damage elicited when islets are cocultured with macrophages is prevented by inhibition of NO synthase (3) .
Focal cerebral ischemic damage is also associated with NO release leading to DNA damage elicited by reactive oxygen species, including peroxynitrite formed from NO. Downstream of this DNA damage, the enzyme poly(ADP-ribose) polymerase (PARP, EC 2.4.2.30) is stimulated. Nuclear PARP is activated by DNA fragments to transfer branched chains of up to 200 ADP ribose groups from NAD ϩ to acceptor proteins in the nucleus, including histones and PARP itself. PARP activation plays a role in DNA repair, particularly the base excision repair process (4) (5) (6) (7) (8) , in response to moderate amounts of DNA damage. With excessive DNA damage, however, PARP is so highly activated that its substrate NAD ϩ is critically depleted (9) . NAD ϩ is an important enzyme in energy metabolism, and its depletion results in lower ATP production. As ATP is also consumed in efforts to resynthesize NAD ϩ , cells can die from energy loss. Cerebral ischemic damage is greatly diminished in mice with targeted deletion of PARP (PARP Ϫ͞Ϫ) (10, 11) and in animals treated with PARP inhibitors (12, 13) . A role of PARP activation in pancreatic damage is also suggested by protection through PARP inhibition of pancreatic islet cells from NO-mediated killing (14, 15) . Furthermore, in vitro pancreatic islet cells from PARP Ϫ͞Ϫ mice are resistant to NAD ϩ depletion after exposure to either NO or other reactive oxygen intermediates generated through the oxidation of hypoxanthine by xanthine oxidase (16) .
Streptozotocin (STZ)-induced diabetes in mice and rats has been used widely as an animal model to study type I diabetes (17, 18) . A single large dose of STZ is sufficient to induce hyperglycemia resulting from loss of pancreatic B cells. This alkylating agent induces high levels of DNA strand breaks in B cells, causing activation of PARP, resultant reduction of cellular NAD ϩ , and cell death (19) (20) (21) . Cotreatment of mice with nicotinamide, a PARP inhibitor and precursor of NAD ϩ , attenuates STZ-induced diabetes (22) . To further elucidate the role of PARP activation in STZ-induced diabetes, we have used heterozygous and homozygous PARP knockout mice. In this aim we have developed two new techniques for studying DNA damage. Enhanced DNA polymerase I-mediated digoxygenin-dUTP nick-translation (PUNTϩ) is a highly sensitive technique for detecting single-stranded DNA breaks in situ. This technique is sufficiently sensitive to detect damage not only in the context of cell death but in the context of basal DNA damage as well. Basal damage may involve mitochondrial and͞or nuclear DNA. These forms of DNA damage can be distinguished by their relative intensity. The technique of poly(ADP-ribose) in situ (PARIS) detection allows rapid and specific visual localization of PARP activation in fresh-frozen tissue through autoradiographic monitoring of the conversion of [ 33 P]NAD ϩ to poly(ADP-ribose) polymer.
MATERIALS AND METHODS
STZ Administration. Male PARP Ϫ͞Ϫ, PARP ϩ͞Ϫ, and wild-type 129͞SV mice (Taconic Farms) were injected at age 10 weeks. STZ (Sigma) was dissolved at 10 mg͞ml in 0.1 M sodium citrate buffer (pH 5.5) and injected i.p. into mice at a dose of 200 mg͞kg. Control mice were injected with vehicle only. Mice were allowed free access to food and water. Mice were killed by cervical dislocation.
Blood Glucose Measurement. Mouse tail vein blood glucose levels were monitored weekly after 12-18 h of fasting by analysis with the Boehringer Mannheim Accu-Chek Easy blood glucose monitor model no. 788.
Immunohistochemistry. Six weeks after STZ injection, mouse pancreata from each treatment group were dissected
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Abbreviations: PARP, poly(ADP ribose) polymerase; STZ, streptozotocin; PUNTϩ, enhanced DNA polymerase I-mediated digoxygenin-dUTP nick translation; PARIS, poly(ADP ribose) in situ; TBS, Tris-buffered saline; HRP, horseradish peroxidase; RT, room temperature; SSPE, standard saline phosphate͞EDTA. ¶ To whom reprint requests should be addressed. e-mail: ssnyder@ jhmi.edu. and immediately fixed in 4% buffered formalin. Tissue was paraffin-embedded and routinely sectioned (10 m) for staining with hematoxylin͞eosin and by immunohistochemistry. For immunostaining, slides were incubated overnight at room temperature (RT) with primary antibodies against human insulin (monoclonal, 1:1,000; Dako) or glucagon (monoclonal, 1:1,500 Dako). Biotinylated goat anti-rabbit (Vector Laboratories) antibody was used as the secondary antibody, and signal was amplified with an ABC kit (Vector Laboratories) using diaminobenzidine as a chromogen.
Western Blot for PARP. Freshly dissected mouse pancreas was homogenized in Nonidet P-40 lysis buffer, sonicated for 15 sec, and normalized for protein content with the bicinchoninic acid protein assay (Pierce). Pancreatic protein (20 g) was resolved by SDS͞PAGE in each lane of a 4-12% gradient gel and then transferred to nitrocellulose membrane. To detect PARP protein, the nitrocellulose membrane was probed with rabbit anti-PARP antibody [BioMol, Plymouth Meeting, PA; 1:3500 dilution in 3% BSA͞Tris-buffered saline (TBS)] for 2 h at RT with gentle agitation, followed by three 5-min washes with 0.5% BSA͞TBS and subsequent incubation with goat anti-rabbit horseradish peroxidase-conjugated secondary antibody (Amersham Life Science, 1:15,000 dilution in 3% BSA͞TBS) for 45 min at RT. Labeled protein was visualized through enhanced chemiluminescence with Renaissance Western Blot Chemiluminescence Reagent Plus (NEN Life Science Products).
Enhanced DNA PUNT؉. This protocol was derived from refs. 23 and 24, with modifications by S.B. Cryostat sections (20 m) of fresh frozen pancreata were cut onto Superfrost Plus slides. Sections were fixed in 4% paraformaldehyde in PBS for 20 min, washed three times for 3 min in 2ϫ standard saline phosphate͞EDTA (SSPE; 1ϫ SSPE ϭ 0.13 NaCl͞10 mM phosphate, pH 7.4͞1 mM EDTA), and then permeabilized for 20 min in 2ϫ SSPE, 0.5% Triton X-100. Slides were washed two times for 3 min in 2ϫ SSPE, acetylated 10 min in 0.1 M triethanolamine (pH 8.0), and then washed three times for 3 min in 2ϫ SSPE. Sections were dehydrated through an ethanol series and allowed to dry at RT. Each section was covered with 500 l of reaction mix [0.5 mM dATP, dCTP, dGTP, and digoxygenin-11-dUTP (Boehringer Mannheim)͞7.5 units/ml DNA polymerase I (Sigma)] in PBS buffer containing 5 mm MgCl 2 , 10 mM 2-mercaptoethanol, and 20 mg͞ml BSA. Negative controls that omitted either DNA polymerase I or the digoxygenin-labeled nucleotide failed to show any signal. Slides were incubated at 37°C for 1 h in a humidified chamber. The reaction was stopped by incubating slides at 65°C in 2ϫ SSPE for 2 h. Slides were then washed three times for 5 min in TBS. Nonspecific immunoreactivity was blocked by incubating slides with 5% normal goat serum in TBS for 1 h at RT. Slides were incubated overnight at RT in the same blocking buffer containing anti-digoxygenin Fab fragment-AP (Boehringer Mannheim) at 1:5000 dilution. Slides were then washed three times for 5 min in TBS and incubated for 5 min in alkaline phosphatase buffer (0.1 M Tris⅐HCl, pH 9.5͞0.1 M NaCl͞50 mM MgCl 2 ). The color reaction was conducted by incubating slides in alkaline phosphatase reaction solution [alkaline phosphatase buffer with 3.375 l/ml nitroblue tetrazolium (Boehringer Mannheim)͞3.5 l/ml 5-bromo-4-chloro-3Ј-indolylphosphate P-toluidine salt (Boehringer Mannheim)͞0.24 mg/ml levamisole (Sigma)]. The color reaction was allowed to proceed for 1 h. The reaction was stopped by incubating slides in buffer. Slides were coverslipped with Aquapolymount (Polysciences).
PARIS Detection. Fresh-frozen cryostat sections from mouse pancreas (10 m) were allowed to warm to RT and then preincubated at RT in PARIS buffer (56 mM Hepes͞28 mM KCl͞28 mM NaCl͞5 mM MgCl 2 ͞0.01% digitonin͞2 mM DTT͞1 mM novobiocin, pH 7.5) for 15 min. In control sections, 1 mM benzamide was added to inhibit PARP activity.
Liquid was then carefully aspirated by using a gentle vacuum so as not to disturb the tissue. Sections were then covered with 200 l of PARIS buffer containing 30 nM [ 33 P]NAD ϩ (NEN Life Science Products) and incubated at 4°C for 15 min. After incubation, the slides were transferred into staining jars containing 10% trichloroacetic acid at 4°C for 10 min and then dried under a cool stream of air. For autoradiography, sections were dipped into a 50% solution of Kodak NBT2 emulsion in a darkroom, allowed to dry, and exposed for 3-5 days. Sections were developed for 5 min by using Kodak D19 developer and then fixed for 5 min in Kodak rapid fixer.
Quantification of PARIS Signal. Sections adjacent to those used for PARIS and PUNTϩ visualization were subjected to PARIS and then scraped into solubilization buffer (2% SDS͞ 0.1 M NaOH), normalized for protein content with the bicinchoninic acid protein assay (Pierce), and subjected to scintillation counting of radioactively labeled poly(ADP-ribose). Protein content and scintillation quantification were obtained in triplicate and averaged for each sample.
RESULTS
Within 1 week after STZ treatment, blood glucose levels in wild-type animals increase Ϸ5-fold and later peak at levels about eight times the control values (Fig. 1) . PARP Ϫ͞Ϫ mice display no hyperglycemia with glucose levels essentially the same as those of wild-type animals. Partial protection occurs in heterozygotes whose blood glucose levels at 1 week are the same as those of PARP Ϫ͞Ϫ animals, although at 2 weeks they have increased to the value of wild-type mice injected with STZ. Thus the onset of diabetes in heterozygotes appears to be delayed but not prevented. Both PARP ϩ͞Ϫ and wild-type mice treated with STZ show transiently decreased hyperglycemia at weeks 3 and 4, with the establishment of stable and (Fig. 2) . Microscopic examination of the pancreas explains the PARP Ϫ͞Ϫ resistance to STZ-induced hyperglycemia (Fig. 3) . In wild-type mice treated with STZ, the number of islet cells is greatly reduced, whereas remaining islets are smaller and distorted in appearance with many fewer cells staining for insulin. Glucagon-staining ␣ cells account for a major proportion of residual islet cell mass, consistent with selectivity of STZ for B cells. In striking contrast, PARP Ϫ͞Ϫ islets are completely protected from this damage with overall morphology and staining for insulin and glucagon being indistinguishable from wild-type controls. Heterozygotes display islet damage and diminished insulin staining comparable with wild-type mice treated with STZ.
The remarkable protection of PARP Ϫ͞Ϫ mice from STZdiabetes implies that STZ elicits DNA damage that overactivates PARP. The DNA damage may be elicited by a number of mechanisms, including direct alkylation of DNA as well as generation of an immune response against pancreatic islet B cells (25) . PUNTϩ staining reveals that STZ markedly augments DNA damage with similar augmentation in wild-type, PARP ϩ͞Ϫ, and PARP Ϫ͞Ϫ pancreas (Fig. 4) . Furthermore, untreated PARP ϩ͞Ϫ and PARP Ϫ͞Ϫ mice exhibit markedly elevated levels of accumulated DNA strand breaks in pancreatic islet cells (Fig. 4) . This increased accumulation of DNA breaks in PARP ϩ͞Ϫ and PARP Ϫ͞Ϫ pancreas corresponds with recent studies suggesting a critical role for PARP in normal base excision repair (4) (5) (6) (7) (8) .
PARP activation elicited in wild-type animals by STZ treatment is abolished in PARP Ϫ͞Ϫ mice (Fig. 5) . STZ augments whole-pancreatic PARP activity in wild-type animals by Ϸ60%. PARP activity in PARP ϩ͞Ϫ pancreas is Ϸ40% levels of wild-type animals and increases Ϸ50% after treatment with STZ. Only negligible PARP activity is detected in PARP Ϫ͞Ϫ pancreas with or without STZ treatment.
Islet cells constitute only a small percentage of pancreatic tissue so that augmentation of PARP activity in the whole pancreas elicited by STZ treatment presumably reflects a much greater increase in islet tissue. To localize PARP activation, we employed an autoradiographic technique monitoring the conversion of [ Immunohistochemistry for insulin demonstrated that the majority of islet atrophy was caused by a marked loss of B cells. Glucagon immunoreactive cells appeared relatively spared but were no longer arranged peripherally in the islet. In contrast, islets from PARP Ϫ͞Ϫ mice showed no evidence of atrophy (as judged by hematoxylin͞eosin staining), B cell loss (as judged by insulin staining), or altered cellular arrangement (as judged by normal glucagon staining), and were histologically similar to vehicle treated PARP ϩ͞ϩ mice. The number and distribution of insulin and glucagon immunoreactive cells were also similar to those from islets from untreated controls. Results are representative of two trials with at least 5 mice per group.
ϩ͞Ϫ islets and abolished in PARP Ϫ͞Ϫ animals. Treatment of wild-type and PARP ϩ͞Ϫ pancreatic sections with benzamide, a PARP inhibitor, abolishes the autoradiographic signal, ensuring that radiolabel reflects PARP activity.
DISCUSSION
The primary finding of our study is that PARP Ϫ͞Ϫ mice are fully protected from STZ-induced damage to pancreatic islet B cells. A variety of evidence supports the conclusion that pancreatic damage reflects massive activation of PARP in the islets sufficient to deplete NAD ϩ , the substrate of PARP, and then to deplete ATP, leading to cell death from energy loss. Although we have not directly monitored NAD ϩ and ATP levels, such depletions occur in other models in which PARP inhibition protects from tissue damage. The protective paradigm of PARP inhibition after DNA damage has been demonstrated for numerous other models of cell death, including cerebral ischemia (10) (11) (12) (13) 26) , myocardial ischemia (27) (28) (29) (30) , N-methyl-D-aspartic acid receptor-mediated excitotoxicity in the lung (31), methamphetamine neurotoxicity (32, 33) , and MPTP toxicity (34) (35) (36) . In all of these cases, a lack of PARP activity, through either genetic disruption or pharmacologic inhibition, provides impressive protection from cell death after DNA damage. In this study, we directly demonstrate activation of pancreatic islet PARP after STZ treatment with no activation in PARP Ϫ͞Ϫ animals whose pancreata are devoid of PARP protein. STZ-induced DNA damage is the same in PARP Ϫ͞Ϫ and wild-type animals, indicating that protection from islet destruction results from the lack of PARP activity in mutant mice.
Heterozygote (PARP ϩ͞Ϫ) mice display about half the wild-type levels of enzyme protein. They are partially protected from STZ diabetes with blood glucose 1 week after STZ treatment, the same as in STZ-treated PARP Ϫ͞Ϫ mice. At 2 weeks, however, their blood glucose levels have increased to the high values of STZ-treated wild-type mice. When killed 2 weeks after STZ treatment, microscopic pancreatic damage is the same in heterozygote and wild type. Thus, the process of pancreatic damage in heterozygotes is presumably slowed. Ultimately, however, the damage is as great as it is in wild-type mice. In studies of focal cerebral ischemia, PARP ϩ͞Ϫ mice also display partial protection from brain damage (10, 11) . In these stroke studies, animals were killed 1 day after occlusion of the middle cerebral artery. Whether the protection would diminish at later times, as it did in the STZ-treated heterozygotes, is unclear.
The finding of essentially total protection from pancreatic damage in PARP Ϫ͞Ϫ animals is remarkable. PARP Ϫ͞Ϫ mice are also protected from focal ischemic brain damage (10, 11) and myocardial ischemic damage (30) . In two independent studies, protection from stroke damage was 50% (11) and 80% (10) . Myocardial ischemic damage is reduced 40-50% in PARP Ϫ͞Ϫ mice (30) . What might account for these variable levels of protection? One possibility is the existence of isoforms of PARP that are not lost in certain tissues of PARP Ϫ͞Ϫ mice. By using the PARIS technique, we have detected 20-30% residual PARP activity in heart and lung of PARP Ϫ͞Ϫ animals, although activity is abolished in brain and pancreas (data not shown). The residual PARP activity in the heart could account for the diminished myocardial protection. Cultured fibroblasts from PARP Ϫ͞Ϫ mice display PARP activity Ϸ25% of wild-type levels, whereas cultured PARP Ϫ͞Ϫ primary embryonic cells display Ϸ3% of wild-type levels (37) . Very recently, novel isoforms of PARP have been identified (38, 39) . The extent to which they contribute to PARP activity in various mammalian tissues has not been established.
In the absence of STZ treatment, we discovered substantial increases in DNA strand breaks in islet cells of PARP Ϫ͞Ϫ and PARP ϩ͞Ϫ animals. These findings indicate that, under basal conditions, PARP participates in DNA repair, a finding that is consistent with recent evidence of its role in normal base excision repair (4-8). We do not know whether similar increases in DNA damage occur in other tissues of the mutant mice. Substantial increases in DNA damage in a wide range of PARP-deficient tissues would indicate a greater importance of PARP in normal physiology than has been implied by the relatively benign phenotype of PARP Ϫ͞Ϫ animals.
The PUNTϩ and PARIS techniques used here have enabled us to detect microscopically DNA strand breaks and PARP activation with considerable sensitivity and specificity as well as with high resolution. These procedures facilitated our observation of substantial levels of DNA damage in the pancreas under basal conditions. By using the same techniques, we have noted highly localized concentrations of DNA strand breaks and PARP activation in discrete brain regions (data not shown).
Our results imply that PARP activation and energy depletion are important elements in the pathophysiology of type I diabetes that is thought to be modeled by STZ treatment. How good of a model is STZ-induced diabetes? Type I diabetes is thought to arise after an autoimmune attack on pancreatic islets with activated macrophages eliciting much of the damage. In a model system using activated macrophages cocultured with pancreatic tissue, Burkart and Kolb (3) have demonstrated diminished damage in pancreatic tissue treated with inhibitors of either NO synthase or PARP. As described above, NO damages DNA and elicits cell death via subsequent activation of PARP. PARP inhibition protects pancreatic islet cells from NO-mediated cell death (14, 15) , and cultured PARP Ϫ͞Ϫ islet cells are resistant to NO-and other ROSmediated energy depletion (16) . Accordingly, STZ treatment may represent a meaningful model reflecting a role of PARP in the genesis of type I diabetic damage to the pancreas.
Recently, potent and selective inhibitors of PARP have been developed (10, 12, 40) . These agents diminish brain damage after focal cerebral ischemia (10, 12) and myocardial ischemia (T. Walles, P. Wang, A.A.P., S.H.S., and J. L. Zweier, unpublished report). Conceivably, they may afford therapeutic benefit in type I diabetes. Our finding that the onset of hyperglycemia is delayed in PARP ϩ͞Ϫ mice suggests that even partial inhibition of PARP is therapeutic. In most patients, when type I diabetes is first diagnosed, the autoimmune process is ongoing, with the pancreas having sustained only a portion of its ultimate damage (41) . Thus, treatment with PARP inhibitors at the time of diagnosis may slow disease progression. Nicotinamide is a soluble B group vitamin that serves as a precursor of NAD ϩ , a free radical scavenger, and a weak PARP inhibitor. Administration of nicotinamide prevents rodent diabetes after STZ administration (22) and also blocks the development of diabetes in the nonobese diabetic mouse, a model of spontaneous autoimmune diabetes (42) . This nontoxic agent has displayed some limited beneficial effects in human diabetes (43) (44) (45) (46) and is currently being evaluated as a prophylactic agent in first degree relatives of type I diabetic patients possessing islet cell antibodies (47) .
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